This paper presents a novel predictive digital control method for boundary conduction mode PFC converters without the need for detecting the inductor current. In the proposed method, the inductor current is predicted by analytical equations instead of being detected by a sensing-resistor. The predicted zero-crossing point of the inductor current is determined by the values of the input voltage, output voltage and predicted inductor current. Importantly, the prediction of zero-crossing point is achieved in just a single switching cycle. Therefore, the errors in predictive calculation caused by parameter variations can be compensated. The prediction of the zero-crossing point with the proposed method has been shown to have good accuracy. The proposed method also shows high stability towards variations in both the inductance and output power. Experimental results demonstrate the effectiveness of the proposed predictive digital control method for PFC converters.
I. INTRODUCTION
The use of light emitting diodes (LEDs) in lighting applications is becoming increasingly popular due to rapid improvements in longevity, lighting efficiency, safety and cost effectiveness. LED applications are driven by DC power supplies. To this end, a compact AC/DC converter should be used in lighting fixtures to supply DC current for driving LED chips [1] - [5] . AC/DC converters introduce nonlinearity to systems. In addition, due to their nonlinear characteristics, LED applications produce a high harmonic distortion in their input current. These harmonic currents cause overheating of the wiring in electrical distribution systems and in the transformer, which shortens the transformer service life. They also have detrimental effects on the power quality of distribution systems. Because of these problems, international standards such as IEC 61000-3-2 Class C restrict the amount of harmonic currents [6] .
In order to reduce the total harmonic distortion (THD) of the input current and improve the power factor (PF) to satisfy international standards, power factor correction (PFC) converters are widely used as LED lighting drive controllers. The PFC converter reshapes the distorted input current waveform to approximate a sinusoidal current that is in phase with the input voltage. There are several PFC topologies for generating a sinusoidal input current with a low THD and a high PF. Among them, the boost PFC converter is one of the most suitable topologies and it is employed in this study [7] . According to the type of inductor current, the PFC converter can be classified into three operation modes: continuous conduction mode (CCM), boundary conduction mode (BCM) and discontinuous conduction mode (DCM). The performance of a PFC converter is heavily related to its control scheme and operation mode [8] - [10] . Compared with CCM PFC converters, the BCM PFC converter reduces the reverse recovery losses related to the boost diode and improves the EMI noise issue. Other benefits of BCM PFC converters compared to CCM or DCM PFC converters are a lower THD of input current and a higher PF. As a result, low to medium power applications use BCM PFC converters due to these advantages [11] .
When a PFC converter operates in the BCM, it is necessary to detect the zero-crossing point of the inductor current. In conventional analog control methods, the inductor current is always detected using a sensing-resistor or hall-sensor [12] - [14] . In order to reduce the effect of noise, a threshold value which is compared with the inductor current is required. If the threshold is not suitable, the PFC converter will operate under the CCM or the DCM. The zero-crossing point of the inductor current can also be detected by observing the rising of inductor voltage [18] . In principle, the inductor voltage returns to zero at the zero-crossing point of the inductor current. However, since the effect of parasitic capacitances exists in the main components of the PFC converter, such as the diode, MOSFET, inductor, etc. the rising rate of the inductor voltage becomes smaller. As a result, a delay time occurs in the detection of the zero-crossing point and the PFC converter operates under the DCM [15] - [18] .
In order to solve the problems that exist in conventional analog control PFC converters, the digital control methods for PFC converters have been explored by many researchers. Digital control offers potential advantages over analog control, including less component aging, robustness to noise, programmable platforms, etc. However, most of the existing digital control methods are based on the analog control laws in a digital format. In conventional digital controlled CCM PFC converters, multiplication and division operations are implemented by a digital controller. Since all of the calculations have to be finished within every switching cycle, a high speed digital controller is required [19] - [21] . A similar problem exists in the conventional digital controlled BCM PFC converter. The sampling frequency of the analog to digital converter (ADC) significantly affects the performance of the zero-crossing point detection. If the sampling frequency of the ADC is low, it causes a delay time in the detection, which results in DCM operation [22] . Therefore, the requirements of a high speed calculation ability and a high frequency sampling ADC result in an increased cost.
Predictive control is a way to solve the problems existing in the conventional digital controlled PFC converters and some significant developments have been achieved. Although these methods can achieve predictive control for PFC converters with a low cost DSP, they still have several problems. First, the predictive duty ratio or switching cycle is determined by the sampled values of the inductor current, input voltage and output voltage in the present switching cycle. Therefore, if a disturbance or noise causes an error in the present sampled values, this error will affect the predictive calculation in the next switching cycle [22] - [25] . Second, since the predictive calculations are based on the inductance L, inductance variations will also have a negative effect on the prediction. The prediction of the zero-crossing point cannot be achieved accurate, and the PFC converter operates under the CCM or the DCM [22] .
In order to solve the problems in the existing predictive control methods, this paper presents a novel predictive method for digital controlled BCM PFC converters without the need for detecting the inductor current. The analytical equations of the inductor current in each operating stage are derived based on an analysis of the boost converter. In order to derive the equations of the inductor current more accurately, the impacts of the internal resistance and the voltage drops across the diode and MOSFET are considered. Then a predictive algorithm of the zero-crossing point is established by using the derived analytical equations of the inductor current. In the proposed method, the prediction of the zero-crossing point is calculated based on the sampled input voltage, output voltage and predicted inductor current in the same switching cycle. Therefore, the error caused by parameter variations does not affect the predictive calculation in the next switching cycle. The prediction error caused by inductance variations can be compensated in the proposed method.
This paper is divided into four sections. In section II, the operation principle of the proposed predictive digital control method is presented. The performance characteristics of proposed method are evaluated in section III. Finally some conclusions are drawn in section IV.
II. OPERATION PRINCIPLE

A. Analysis for the Prediction of the Inductor Current
In the proposed method, the inductor current is predicted by a calculation based on the analytical equations in each operating state. Therefore, the inductor current equations in different operating states should be derived. In order to derive the equations accurately, detailed modeling of the elements in the boost converter, as shown in Fig. 1 , are considered as follows:
 r i indicates the parasitic resistance of the input power source.  r L indicates the inductor winding resistance. The flux leakage can be ignored. The inductor does not become saturated and the value of the inductance can be considered constant. 
where the constants
and Q 3 , which are used in Equ. (1) and Equ. (2) , are shown in Eqns. (3)- (22), respectively. 
B. Proposed Digital Controlled BCM PFC Converter
sensing-resistor is required to detect the inductor current. The prediction of the zero-crossing point is determined by the sampled rectified input voltage e i , the output voltage e o and the predicted inductor current i L information. Figure 4 shows the proposed predictive digital controlled BCM PFC converter without an inductor current sensing-resistor. In the proposed method, since the inductor current is predicted, a current sensing-resistor is not necessary. Compared with the conventional method, only the rectified input voltage e i and the output voltage e o are detected to predict the zero-crossing point. Figure 5 shows the proposed digital control circuit. Anti-aliasing filters [26] are used before the ADC in order to restrict the bandwidth of signals e i and e o , which satisfies the sampling theorem [27] over the band of interest. Often it may be difficult to precisely ascertain what is the highest frequency present in the analogue signals e i and e o . The obvious solution is to place an analogue low pass filter prior to the ADC whose function is to remove or attenuate all of the frequencies above half of the sampling frequency. In this paper, two analog low pass filters (anti-aliasing filters) are added before the ADCs. [n] . Figure 6 shows a timing chart of the proposed predictive digital controlled BCM PFC converter. In the proposed method, the switching cycle for achieving the zero-crossing point prediction is calculated by two steps.
The first step is the calculation of the switching on-time. The feedback digital value of the output voltage E o [n] is sent to the PID control part, and the switching on-time T on [n] is determined by the PID control calculation:
where the parameter N B is the digital value of the bias, and N R is the digital reference value of the output voltage. K P , K I and K D indicate the gains of the proportional, integral and differential, respectively.
The second step is the calculation of the switching off-time. To calculate the switching off-time, the inductor current is firstly derived in the n-th switching cycle as shown in Fig. 6 and from Equ. (24) to Equ. (25) .
The switching off-time is determined with the following process. First, the peak value of the inductor current i L1 (t 1,n ) is obtained from the switching on-time T on,n and Equ. (24) . Since the inductor current arrives at the peak value at t = t 1,n , the analog value of the switching on-time T on,n can be given as Equ. (26) .
The peak value of the inductor current can be obtained by substituting T on,n into Equ. (25) . The calculated peak value of the inductor current can be considered as the initial value of Equ. (25) in operating state II. The peak value is substituted into Equ. (25) . Since the inductor current is zero at t = t 2,n , the analog value of the switching off-time can be obtained by solving Equ. (25) . However, Equ. (25) cannot have algebraic solutions since it is a nonlinear equation. Therefore, the solution of Equ. (25) is obtained with a numerical analysis in this study. Then the calculated analog value T off,n is converted to its digital value, and the switching cycle for achieving the zero-crossing point detection T s [n] can be given as follows:
In this way, the switching on-time and the switching off-time are calculated in the same switching cycle. In Fig. 6 , the sampling point is the zero-crossing point of the inductor current and it is also the starting time of the one loop digital calculation. The A/D sampling indicates the sampling time of the ADC. The calculation time of T on [n] is indicated by Cal. T on [n] , which is equal to the time of the PID control calculation shown in Fig. 5 . In addition, Cal. T s [n] indicates the calculation time of T s [n] which is equal to the time of the zero-crossing point calculation shown in Fig. 5 . The one loop calculation time is the total time of the A/D sampling, Cal. T on [n] , and Cal. T s [n] , and it is highlighted in Fig. 6 . It can be seen that if the one loop calculation time is smaller than the analog switching on-time T on,n , the digital values T on [n] and T s [n] can be sent to the DPWM signal generator in the same switching cycle. In this way, a PWM signal with a suitable duty ratio can be generated. The peak value and the zero-crossing point can be accurately predicted and the PFC converter operates under the BCM.
As shown in Fig. 6 , the inductance variations do not affect the accuracy in the predicted zero-crossing points. Since the switching on-time T on,n is determined by the PID control calculation, the inductance variations do not affect the calculation of T on,n . The peak values of the inductor current under different inductance conditions are obtained at the same instant t 1,n . Then the switching off-time value T off,n is determined by Equ. (25) . Since the initial value of Equ. (25) is obtained at the same instant, the calculation of T off,n does not vary with variations of the inductance. Therefore, the calculation of the switching period for achieving zero-crossing point detection will not be affected when the inductance is varied.
III. EXPERIMENTAL RESULTS
A. Evaluation Specifications
In order to demonstrate the performance of the proposed predictive digital control method, a 30 W single-phase experimental PFC boost converter was designed and tested.
The specifications of the proposed digital controlled PFC converter are shown in Table I . The alternating input voltage e ac is 100 Vrms and the desired output voltage E o * is 400 Vdc. The input inductance L is 1.2 mH. L* indicates the rated inductance. The output power P o is 30 W and the output capacitance C o is 15 F.
In the equivalent circuit models shown in Fig. 1 , r L is 2.815 , r D is 0.1 , V D is 0.35 V, r Tr is 0.1  and V Tr is negligibly small so that it is considered to be 0 V in this study. In the PFC converter, E i in Fig. 1 is the full rectification of the input voltage e i as shown in Fig. 4 . During the experimental verification, e i is varied from 0 to 141 V. Since the sampling frequency of the ADC is high enough (2.3 Msps), e i can be considered as a constant value during one sampling period. In Fig. 1, r i indicates the parasitic resistance of the input power source. Although the real value of r i is changed for e i , r i is considered to be the ESR of the input capacitor C i , which has a constant value of 0.01 Ω during the experimental verification.
Since the specification of the output voltage is 400 Vdc, electrolytic capacitors with a break down voltage of 450 V are chosen. The higher the breakdown voltage of the capacitors, the higher the value of r c , which means lager losses. r c used one electrolytic capacitor, which with a capacitance of 15 F is 1.735 Ω in the measurement machine. In order to reduce r c , three electrolytic capacitors, each with a capacitance of 5.6 F, are connected in parallel. In this case, r c is 0.917 Ω.
The theoretical values of the switching frequency f s can be obtained as follows:
where E ac indicates the RMS value of the input voltage, f ac indicates the frequency of the input voltage,indicates the efficiency, and PF indicates the power factor. According to Equ. (29), under the rated conditions, when  and PF = 0.99 are considered, the minimum f s is about 79 kHz and the maximum f s is about 122 kHz. Therefore, f s is varied from 79 kHz to 122 kHz during the experimental verification.
In the experiment verification, since the switching frequency f s is varied from 79 kHz to 122 kHz, it is necessary to remove the frequencies above half of f s before the ADCs. By optimizing the parameters of the low pass filters, the anti-aliasing filters cut off all of the frequencies above 28.2 kHz in the analogue signals e i and e o to satisfy the sampling theorem.
B. Evaluation Results Under Rated Conditions
The calculation time of the one loop predictive digital control is measured using a DSP controller TMS320F28069. In Fig. 5 and Fig. 6 , the sampling time in the ADC is about 0.42 s. The PID control calculation, which determines T on [n] , takes about 0.98 s. This also means that Cal. T on [n] in Fig. 6 is about 0.98 s. The subsequent zero-crossing point calculation, which determines T s [n] takes about 3.9 s. This also means that Cal. T s [n] in Fig. 6 is about 3.9 s. Therefore, the total calculation time in one loop is about 5.3 s. Under the rated conditions, the switching on-time is about 9.2 s. Since it is larger than 5.3 s, the proposed digital control method is able to predict the zero-crossing point accurately and make the PFC converter operate under the BCM. Figure 7 shows experimental waveforms of the input current and input voltage under the full load condition. In this figure, e ac indicates the alternating input voltage, and i ac indicates the input current. As shown in Fig. 7 , the input current is : IEC 61000-3-2 Class C controlled to approximate a sinusoidal current that is in phase with the input voltage in both the simulation and experimental results. Figure 8 shows the measured harmonic currents together with the IEC 61000-3-2 Class C standard. It can be seen that the standard can be met with a significant margin in the proposed method. Figure 9 shows experimental waveforms of the output voltage, input current, gate-source voltage and inductor current under the full load condition. Figure 10 shows the expended waveforms of Fig. 9 around the peak of the inductor current. It is found that the switch turns on at the zero-crossing point of the inductor current and that the PFC converter is operated in the BCM.
To confirm the accuracy in the prediction of the zero-crossing point of the inductor current, the expanded waveforms around the zero-crossing points are shown in Fig. 11 . Figure 11 shows the delay time of the zero-crossing point detection at around 0 degree and 90 degrees of the input voltage in the proposed method. In this figure, the delay time of the detection is defined as the time from the instant that the inductor current becomes zero to the instant that the main switch turns on. Near 0 degrees of the input voltage e ac , the peak value of the inductor current i L is very small. Thus, T off [n] is also very short. As a result, T off [n] can be calculated with a high accuracy. The detection delay time in this case is only 30 ns as shown in Fig. 11(a) . However, at around 90 degrees of the input voltage, the peak value of the inductor current i L becomes maximum. In this case, T off [n] , is also the maximum value. Therefore, T off [n] it is difficult to calculate accurately. The calculation error of T off [n] at around 90 degrees is much bigger than that around 0 degrees. The detection delay time in this case is 578 ns as shown in Fig. 11(b) . Due to the above mentioned reason, the detection delay time at around 90 degrees of input voltage is much larger than that around 0 degrees. Although errors occur in the detection of the zero-crossing points, from the measured results shown in Fig. 7 and Fig. 8 , it can be confirmed that the proposed method can satisfy the restrictions of the IEC 61000-3-2 Class C standard.
C. Evaluation Results Under Varied Parameter Conditions
The main purpose of this study is to confirm the effectiveness of the proposed predictive digital control BCM PFC converter, which can compensate the predictive calculation errors caused by parameter variations. In order to confirm the effect of parameter variations on the proposed method, the inductance is varied from 80% to 120% of the rated inductance. In addition, the output power is varied from 100% to 50% of the rated load. Figure 12 shows the characteristics of the zero-crossing point detection delay time when the parameter of the inductance is varied from 80% to 120% of the rated inductance. In this figure, L* indicates the rated value of the inductance which is 1.2 mH, and L indicates the real value of the inductance. The vertical axis shows the delay time of the zero-crossing point detection. The horizontal axis shows the phase of the input voltage  which is varied from 0 to 180 degrees. It is found that variations of the inductance have no significant effect on the detection delay time when using the proposed method. Figure 13 shows the characteristics of the switching frequency when the inductance is varied as above. In this figure, f s indicates the switching frequency. In Fig. 13 , it is shown that the experimental f s , which varies from 66 kHz to 101 kHz, is smaller than the theoretical f s , which varies from 79 kHz to 122 kHz. This is caused by the detection delay time of the zero-crossing point as shown in Fig. 12 . Thus, the detection delay time occurs over all of the degrees of the input voltage. The additional delay time increases the switching turn-off time. As a result, the experimental f s is about 14 kHz smaller than the theoretical f s near 90 degrees of the input voltage. It can also be found that inductance variations have almost no effect on the characteristics of the switching frequency. The characteristics of the detection delay time and switching frequency, which are shown in Fig. 12 and Fig. 13 , demonstrate the effectiveness of the proposed method which can compensate the prediction errors caused by inductance variations. Figure 14 shows the characteristics of the input current THD, PF and efficiency when the inductance is varied from 80% to 120% of the rated inductance. Each of the vertical axes shows the input current THD, PF and efficiency. Each of the horizontal axes shows the ratio of the real inductance to the rated inductance. The inductance values are 0.96 mH (80%), 1.08 mH (90%), 1.2 mH (100%), 1.32 mH (110%) and 1.44 mH (120%). It is desirable that these characteristics of the rated inductance can be maintained even when the inductance is varied. In Fig. 14 , it is demonstrated that the characteristics of L / L * = 80%, 90%, 110%, 120% are almost identical to the characteristics in the rated inductance (L / L * = 100%). Therefore, inductance variations have no significant effect on the input current THD, PF or efficiency. In addition, since the characteristics in Fig. 14 are almost non-variable, it can be confirmed that the PFC converter is able to maintain the BCM operation despite the occurrence of variations in the inductance when using the proposed method. Figure 15 to 17 show the performance characteristics of proposed predictive digital control method when the output power is varied from a full load (30 W) to a 50% load (15 W) . Figure 15 shows the characteristics of the zero-crossing point detection delay time when the output power is varied from 30 W to 15 W. Similar to the results in Fig. 12 , output power variations have little effect on the delay time of the detection. Figure 16 shows the characteristics of the switching frequency when the output power is varied from 30 W to 15 Fig. 17 . Figure 17(a) shows the characteristics of the input current THD. The input current THD is 9.7% at a full load and 12.2% at a 50% load. It is seen that the input current THD increases by the decreasing the output power. The definition of the input current THD is shown as follows:
where I in,n indicates the RMS value of the harmonic current, n and m indicate the harmonic order, and I in,1 indicates the RMS value of the fundamental current. The RMS value of the fundamental current I in,1 decreases when the output power becomes smaller. In this case, the harmonic current I in,n can be considered as a constant. Therefore, the input current THD will increase when the output power is varied from 30 W to 15 W. Figure 17(b) shows the characteristics of the PF. The PF is about 0.99 at a full load and about 0.98 at a 50 % load. It is found that the PF decreases at lighter loads. This is caused by the increased input current THD at lighter loads, as shown in Fig. 17(a) . The PF is decreased due to the increased THD. It can be seen that the PF is only decreased by about 0.01 at a 50% load when using the proposed method. Since variations in the load have no significant effect on the PF, it can be confirmed that the BCM operation can be maintained even at a 50% load.
Figure 17(c) shows the characteristics of the efficiency. The efficiency is 90.9% at a full load and 87.2% at a 50% load. When the load varies from a full load to a 50% load, the switching frequency f s is increased to almost twice the f s at a full load, as shown in Fig. 16 . Generally, the increased switching frequency leads to excessive switching losses and significantly degrades the efficiency. In the BCM PFC converter, turn-on with zero-voltage switching (ZVS) of the main switch and turn-off with zero-current switching (ZCS) of the boost diode can be easily achieved. As a result, the switching losses in the BCM PFC converter are small. The efficiency is only decreased by 3.7% at a 50% load. Therefore, the PFC converter can maintain good efficiency even at a 50% load.
IV. CONCLUSIONS
A novel predictive digital control method for BCM PFC converters without detecting the inductor current is proposed in this paper. By using the proposed method, the zero-crossing point is detected with a 30 ns delay time around the valley of the inductor and a 578 ns delay around the peak. A PF over 0.99 and a sinusoidal input current with only a 9.7% THD can be achieved under the full load condition. Since a current sensing-resistor is not used in the proposed method, an excellent efficiency of 90.9% is achieved. Experimental results show that parameter variations of the inductance and output power have no significant effect on the prediction of the zero-crossing point or the switching frequency. It is also confirmed that the PFC converter operates under the BCM with high accuracy. It can be seen that the excellent PF, input current THD and efficiency characteristics can be maintained when the parameters of the inductance and output power are varied. From these results, the effectiveness of the proposed predictive digital controlled PFC converter is revealed to achieve high-performance characteristics.
